Rapid and accurate identification of mastitis pathogens is important for disease control. Bacterial culture and isolate identification is considered the gold-standard in mastitis diagnosis but is time-consuming and results in many culture-negative 
Introduction
Mastitis is an endemic disease of dairy cows and is estimated to be one of the most costly diseases to the dairy industry in Ireland and internationally (Barkema and others 2009; More and others 2010) . Mastitis is commonly caused by an intramammary infection (IMI) and can be clinical, where the animal displays overt symptoms of disease, or more commonly sub-clinical where the animal displays no outwards signs of disease but has an elevated somatic cell count (SCC) (Akerstedt and others 2007) . Mastitis is generally caused by a single bacterial pathogen and in order to tailor mastitis control and treatment protocols, reliable identification of the infectious agent is important. Almost 150 different bacterial species have been implicated in bovine mastitis (Radostits 2007) Makovec and Ruegg 2003) . Isolation of a bacterial pathogen from the milk of an infected cow is considered the gold-standard in mastitis diagnosis (NMC 1999 (NMC , 2004 .
While bacterial culture (BC) remains the definitive diagnosis of intramammary infection, it has a number of disadvantages.
Culturing of mastitis-causing microorganisms is relatively slow, taking a minimum of 24-48 hours before a pathogen can be reliably identified. The absence of rapid results may result in the use of broad-spectrum antibiotic therapy in many cases, where a narrow-spectrum antibiotic therapy or no antibiotic at all may in fact be more appropriate.
Additionally, a sizeable number of mastitic milk samples fail to yield any culturable organisms. For published clinical and sub-clinical mastitis studies the proportion of milk samples yielding no bacterial growth varies between 27% and 50% (Barrett and others 2005; Bradley and others 2007; Hogan and others 1989; Keane and others 2013; Makovec and Ruegg 2003; Olde Riekerink and others 2008) . Bacterial culture is primarily used in Ireland to identify the on-farm pathogen challenges rather than for individual animal treatment selection and so pathogen negative samples can be frustrating for the clinician and farmer as they do not indicate a causative organism, and thus the most suitable type of prevention or control measures. 
Materials and Methods

Sample collection
As part of a study looking at the aetiology of clinical mastitis in Irish milk-recording dairy herds, a total of 630 quarter milk samples were taken aseptically from affected quarters before antibiotic treatment over a one year period from cows displaying symptoms of clinical mastitis (clots, flecks or blood in the milk or heat or swelling in the udder) from 30 farms as described previously (Keane and others 2013) . Samples were frozen and submitted monthly for bacterial culture.
Bacteriological analysis
In order to identify the pathogen causing mastitis, standard microbiological methods recommended by the National Mastitis Council were used (NMC 1999 
Penicillin resistance
Penicillin and oxacillin susceptibility tests were performed for all Staphylococcus aureus and coagulase negative Staphylococcus (CNS) isolates by the disk diffusion method in accordance with Clinical and Laboratory Standards Institute (CLSI) guidelines (CLSI 2008) . Penicillin (6 µg/10 IU) and oxacillin (1 µg) were tested. The 
16S rDNA sequencing
DNA was extracted from three Streptococcal isolates that were identified as putative S. uberis based on aesculin hydrolysis but identified by the PathoProof assay as S. dysgalactiae using the PurElute TM Bacterial Genomic Kit (Edge Biosystems) as described in the manufacturer's protocol. The hypervariable region of the 5' end of the bacterial 16S rDNA gene was amplified from genomic DNA using the primers 16SFa: 5' GCTCAGATTGAACGCTGG 3' and 16SR: 5' TACTGCTGCCTCCCGTA 3' as described previously (Harris and Hartley 2003) . PCR products were purified with the QIAamp PCR purification kit (Qiagen) and sent to Source BioScience (Dublin) for Sanger sequencing. Sequence chromatograms were checked for quality using BioEdit V7.0.0 and bacterial DNA species identified by comparison of the 16S rDNA sequence with the GenBank database (http://www.ncbi.nlm.nih.gov) using
BLAST (Altschul and others 1990) . If species-specific sequences in the database matched the query sequence with 100% identity then the query sequence was determined to come from that species (Harris and Hartley 2003) .
Results
A total of 141 milk samples from cows with clinical mastitis were randomly selected for PCR testing. The 141 randomly selected samples were representative of the larger dataset of 615 samples as no pathogen was significantly under or overrepresented on bacterial culture. However, there was a higher proportion of culture negative samples in the larger dataset. Of the 141 samples, conventional bacterial culture identified a single udder pathogen in 94 samples (67%), a mixture of 2 udder pathogens in 4 samples (3%) while no viable pathogens were cultured from the remaining 43 samples (30%). PCR testing detected a single udder pathogen in 89 samples (63%), 2 udder pathogens in 38 samples (27%), three udder pathogens in 3 samples (2%) while no pathogens were detected in 11 (8%) of samples. Therefore, significantly more samples were positive for at least one mastitis pathogen when tested by PCR than by bacterial culture (P < 0.0001; Chi-square test).
Single isolate samples
A single udder pathogen was isolated by bacterial culture and identified using standard biochemical tests from 94 milk samples. The occurrence of the different bacterial pathogen species (Table 1) reflects their frequency in the population from which the samples were derived (Keane and others 2013). The pathogen identified by traditional culture methods was also detected by PCR in 92/94 (98%) of cases (Table 1) . However, in 3 of these cases the pathogen was not detected as the predominant pathogen in the sample but was detected as an additional pathogen. For the remaining 2 samples no udder pathogens were detected by PCR despite being culture positive. PCR testing also indicated that a substantial proportion (23/94; 24%) of the milk samples contained DNA from an additional bacterial species that was not detected by conventional culture. Three udder pathogens were detected by PCR in 2/94 (2%) of the samples. Milk samples positive for E. coli by BC were significantly more likely to indicate the presence of an additional pathogen by PCR compared to samples positive for the other pathogens (P < 0.001; Chi-square test). The results of the bacterial culture and PCR testing are shown in Table 1 and the additional pathogens detected by PCR but not by culture are summarised in testing. This isolate was further tested by the disk diffusion method and found to be resistant to ampicillin but susceptible to oxacillin.
Culture negative samples
Of the 141 samples cultured, no viable pathogens were identified in 43 samples (30%). Of these culture-negative samples, 34 were positive by PCR for mastitis pathogens with no mastitis pathogens detected in the remaining 9 samples.
Of the 34 PCR positive samples, a single mastitis pathogen was detected in 20 samples, two pathogens were detected in 13 samples while three pathogens were detected in a single sample. The most common pathogen detected in the culture negative samples was S. uberis which was detected in 16 samples (47%) and was the predominant pathogen in 14 samples (41%). S. aureus, which was the most common pathogen in culture positive samples (40%), was found in only 5 (15%) BC-negative PCR-positive samples and was the predominant mastitis pathogen in just three samples (9%). Culture-positive milk samples were therefore significantly more likely to indicate the presence of S. aureus than culture-negative PCR-positive samples (P < 0.001; Chi-square test). The pathogens detected by PCR in culture negative samples are shown in Table 3 The samples used in this study were frozen prior to bacterial culture and PCR analysis. It has previously been demonstrated that short-term freezing of milk (~24 h) increases the proportion of culture negative samples (Bexiga and others 2011) although freezing for up to 6 weeks was reported to have no effect on the viability of the major mastitis pathogens (Murdough and others 1996) . It has also been reported that freezing for 4 weeks had no effect on S. aureus, streptococci and T. pyogenes isolation rates although it did increase the number of CNS positive samples and decrease the number of E. coli positive samples (Schukken and others 1989) . Our milk samples were collected and cultured monthly and the possibility that freezing had an effect on the relative frequency of some of the isolated mastitis pathogen species cannot be excluded.
Multiple pathogens in milk samples from cows with clinical mastitis were detected more frequently with PCR than bacterial culture. PCR has previously been reported to detect multiple pathogens more commonly than conventional culture (Bexiga and others 2011; Spittel and Hoedemaker 2012) . In our study, a mixture of 2 bacterial species was detected in 3% of milk samples by bacterial culture. However, a mixed infection was detected in 29% of samples with PCR. A sample from which 3 or more bacterial species are cultured is considered contaminated (NMC 1999). Three milk samples indicated the presence of three mastitis pathogens by PCR and so could be considered contaminated on the basis of PCR analysis alone, although the validity of applying culture-based standards to molecular based methods of mastitis pathogen detection remains questionable. The most common additional pathogens found were S. dysgalactiae and S. uberis. Although both species are environmental pathogens they may not be contaminants in this instance as other environmental species such as E. coli, CNS and Enterococcus spp were not commonly identified as additional pathogens.
Milk samples positive for E. coli by BC were significantly more likely to indicate the presence of an additional pathogen by PCR. E. coli can be a common contaminant of milk samples (DAFM 2010), therefore the detection of an additional major mastitis pathogen by PCR in these samples may be clinically significant. The mecA gene, which confers meticillin/oxacillin resistance, also confers penicillin resistance. In order to determine if this isolate was potentially penicillin resistant due to carriage of mecA it was tested for phenotypic oxacillin resistance. Phenotypic testing was used due to the presence of mecA homologues which can also encode meticillin resistance (Garcia-Alvarez and others 2011). The isolate was oxacillin sensitive indicating that the observed penicillin resistance is unlikely to be due to the presence of mecA or mecA homologues. 
